Abstract Seismic hazard assessment is a critical but challenging issue for modern societies. A key parameter to be estimated is the recurrence interval of damaging earthquakes. This requires the establishment of earthquake records long enough to be relevant, i.e., far longer than historical observations. We study how lake sediments can be used for this purpose and explore conditions that enable lake sediments to record earthquakes. This was achieved (i) through the compilation of eight lake-sediment sequences from the European Alps to reconstruct chronicles of mass movement deposits and (ii) through the comparison of these chronicles with the well-documented earthquake history. This allowed 24 occurrences of mass movements to be identified, of which 21 were most probably triggered by an earthquake. However, the number of earthquake-induced deposits varies between lakes of a same region, suggesting variable thresholds of the lake sequences to record earthquake shaking. These thresholds have been quantified by linking the mass movement occurrences in a single lake to both intensity and distance of the triggering earthquakes. This method offers a quantitative approach to estimate locations and intensities of past earthquake epicenters. Finally, we explored which lake characteristics could explain the various sensitivities. Our results suggest that sedimentation rate should be larger than 0.5 mm yr À1 so that a given lake records earthquakes in moderately active seismotectonic regions. We also postulate that an increasing sedimentation rate may imply an increasing sensitivity to earthquake shaking. Hence, further paleoseismological studies should control carefully that no significant change in sedimentation rates occurs within a record, which could falsify the assessment of earthquake recurrence intervals.
Introduction
A well-dated and quantitative earthquake history is required for the assessment of long-term probabilistic seismic hazard [e.g., Gürpinar, 2005; Mugnier et al., 2013] . However, the recurrence interval of strong earthquakes often exceeds the time span covered by instrumental and historical records in moderately active seismo-tectonic regions [e.g., Michetti et al., 2005] . Hence, extending time series of seismic events is a key issue for understanding regional seismicity and for assessing the earthquake-hazard potential of such regions [e.g., Becker et al., 2005; Strasser et al., 2006; Garrett et al., 2013; Avşar et al., 2014] .
Lake sediments provide suitable geological archives for reconstructing long-term earthquake occurrences. They are often continuous archives in which mass movement deposits and related turbidites triggered by historical earthquakes can be identified and dated in moderately [e.g., Doig, 1990; Strasser et al., 2006; Beck, 2009; Rodriguez-Pascua et al., 2010; Strasser et al., 2013; Petersen et al., 2014; Brooks, 2015] to highly seismogenic areas [e.g., Ben-Menahem, 1976; Migowski et al., 2004; Arnaud et al., 2006; Boës et al., 2010; Moernaut et al., 2014] . However, two main points still limit the achievement and use of such reconstructions; (i) the link between such deposits and their seismic trigger is not straightforward because other triggers are possible [e.g., Monecke et al., 2004; Van Daele et al., 2015] , and (ii) epicentral locations and magnitudes of prehistoric earthquakes remain difficult to assess [e.g., Michetti et al., 2005] . To date, three studies succeeded to estimate such parameters for past earthquakes by linking deposits in different lakes to seismic intensities in Switzerland [Monecke et al., 2004; . The approach developed in those studies highlights that each lake system has its own sensitivity to record earthquakes and that this lake sensitivity is critical in the estimation of epicentral locations and magnitudes of past earthquakes. However, it remains important to quantify lake sensitivity to seismic shaking in a range of setting and more importantly to determine what controls this sensitivity.
Previous studies of five small lakes in French Alps have highlighted the usefulness of their sediment sequences for assessing the regional earthquake hazard [Arnaud et al., 2002; Nomade et al., 2005; Brisset et al., 2012; Wilhelm et al., 2012 Wilhelm et al., , 2013 . Through the compilation of these five lake-sediment sequences with three new lakes in the same Alpine region, we aim at determining (i) the probability that the mass movement deposits were triggered by an earthquake and (ii) the potential links between earthquake magnitude, lake-epicenter distance, and lakesystem parameters that both will improve the quality of lake sediment based paleoseismic investigations. This is undertaken through the comparison of our results with the historical seismicity, which is well documented over the last 500 years.
Regional Setting

Seismic Activity in the Western Alps
The Alps are one of the most seismically active regions of western Europe (Figure 1 ). The earthquakes focal mechanisms computed for the largest events (M > 3.5) that occurred since the development of good seismological networks (i.e., since ca. 1990) depict various present-day tectonic regimes. Some regions appears to be extensional [e.g., Eva et al., 1998; Sue et al., 1999; Delacou et al., 2004] , while other areas are mainly affected by compression [e.g., Thouvenot et al., 1998; Larroque et al., 2009] . In addition, few main strike-slip faults with directions roughly N140°E and N30°E [e.g., Tricart, 1984] have been detected by different approaches [e.g., Thouvenot et al., 2003; Courboulex et al., 2007; Cushing et al., 2008; Sanchez et al., 2010; Darnault et al., 2012] , which are and suspected to be active. However, whatever the tectonic regime in a given area, the ground motions generated are roughly the same [e.g., Gregor et al., 2014] so that the different types of stress nature were not considered in our study.
Most of the instrumental earthquakes recorded in the Alps by French, Italian, and Swiss networks are superficial (5 to 25 km depth) [Eva et al., 1998] . It is often difficult to unambiguously link their locations with well known faults, except for some particular cases. Instrumentally recorded magnitudes are usually smaller than Mw = 4 [Cara et al., 2015] , although few events have a magnitude between 4 and 5. The most recent one that occurred in 2014 near Barcelonnette in the Southern Alps (Mw = 4.9) caused a lot of damage to infrastructure [Marçot et al., 2014] and generated macroseismic intensities of VI (French central seismological office) in the epicentral region.
Numerous evidence points to much larger events that occurred in the past. However, since they were not recorded by seismic networks, their magnitudes are assessed through evaluating macroseismic intensities. Historical earthquakes catalogs report that the Western Alps underwent earthquakes with macroseismic Medvedev-Sponheuer-Karnik (MSK) intensities up to IX and estimated magnitudes higher than 6., e.g., the Basel earthquake in 1356 (Mw = 6.6) [Meghraoui et al., 2000] , the Visp earthquake in 1855 (Mw = 6.2) [Fäh et al., 2011] , the Ligurian earthquake in 1887 (Mw = 6.8) [Larroque et al., 2012] , and the Lambesc earthquake in 1909 (Mw = 6) [Chardon and Bellier, 2003] . These major earthquakes as well as smaller ones that caused damage are reported in the database SisFrance (http://www.sisfrance.net) [Lambert and Levret-Albaret, 1996; Scotti et al., 2004] (Figure 1 ), which is used in this study to keep the coherency between French, Italian, and Swiss events.
Studied Lake-Sediment Sequences in the Western Alps
The eight studied lakes are spread over three regions of the French Alps, for which the seismic activity is well established by historical records over the last 500 years (database SisFrance; Figure 1 ). Each sediment record can thus be compared with the respective local seismic activity. The studied lakes have small surface areas (<1.1 km 2 ) and are characterized by various morphometries and lithologies (Table S1 in the supporting information). Sediment sequences of lakes Anterne (ANT), Blanc Aiguilles Rouges (BAR), Blanc Belledonne (BLB), and Foréant (FOR) are mainly composed of detrital material due to a high amount of easily erodible material in their catchment area, which is mobilized by frequent flood events [Arnaud et al., 2002; Wilhelm et al., 2012 Wilhelm et al., , 2013 . It generally results in a highly variable grain size and in high sedimentation rates (≥1 mm yr
À1
). In contrast, sediments of lakes Brévent (BRE), Grand Doménon (DOS), and Petit (PET) are mainly composed of authigenic material (i.e., particulate organic matter and diatoms). As primary production is relatively low at their elevations, sedimentation rates are ≤0.7 mm yr À1 [e.g., Brisset et al., 2012] . Lake Laffrey (LAF)
is characterized by very high contents of detrital material, probably related to high soil erosion linked to human impact (agriculture/grazing), causing the highest sedimentation rate of 2.2 mm yr À1 [Nomade et al., 2005] . The studied lakes are all situated directly on bedrock, except LAF which is emplaced on less than 15 m of glacial deposits [Delaquaize, 1979] . Hence, site effects resulting in local amplification of the ground motion may in these lakes be considered as negligible.
Methods
The common methods used in the previous studies to identify and date deposits associated to mass movement events, potentially related to palaeoearthquakes, are summarized here. For details and complementary methods, refer to the supporting information and to Arnaud et al. [2002] (Lake ANT), Nomade et al. [2005] (Lake LAF), Brisset et al. [2012] (Lake PET), Wilhelm et al. [2012] (Lake BLB), and Wilhelm et al.
[2013] (Lake BAR).
To track mass movement deposits (MMDs) in the studied lake basins, a multicoring approach was first undertaken in almost all lakes because MMDs are often characterized by limited areal extent in the lake basins [e.g., Moernaut et al., 2014] . The term "MMDs" includes here both the mass movement deposits (e.g., landslide deposits, slumps, and debris-flow deposits) and the related turbidites. Cores were then opened and photographed for a Figure 1 . Location of the studied lakes in three regions of the French Alps and of all historic earthquakes with epicentral MSK intensity above IV. The earthquake catalog is provided by the database SisFrance (http://infoterre.brgm.fr/; BRGM, EDF, IRSN, and 2014). BAR: Lake Blanc Aiguilles Rouges [Wilhelm et al., 2013] , ANT: Lake Anterne [Arnaud et al., 2002] , BRE: Lake Brévent, BLB: Lake Blanc Belledonne [Wilhelm et al., 2012] , DOS: Lake Grand Doménon, LAF: Lake Laffrey [Nomade et al., 2005] , FOR: Lake Foréant, and PET: Lake Petit [Brisset et al., 2012] . The dashed lines highlight the main overthrusts separating major Alpine tectonic units of the studied region. measurements by gamma spectrometry and the application of the Constant Flux/Constant Sedimentation model allowing a mean sedimentation rate to be estimated over the last 150 years [Goldberg, 1963] . Ages of older MMDs for ANT, LAF, and BLB sequences were estimated by an extrapolated sedimentation rate over the last 250 years [Arnaud et al., 2002; Wilhelm et al., 2012] (Table 1 ). In the case of Lake BLB, the application of the 210 Pb dating method was not straightforward due to the high variability in sedimentation rate.
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Consequently, historical lead contaminations were investigated as additional chronostratigraphic markers with the peak of lead associated to the maximum use of leaded gasoline in 1973 -1974 [Renberg et al., 2001 Arnaud et al., 2004] . Historical dates of local flood events were also considered as additional chronostratigraphic markers [Wilhelm et al., 2012] .
Sequences BAR, PET, BRE, DOS, and FOR have been mainly dated by the 14 C method performed on macroremains of terrestrial plants to avoid a potential hard-water effect. The frequent occurrence of interbedded deposits in the BAR sequence and the low sedimentation rates of PET, BRE, and DOS sequences make the application of the short-lived radionuclide based chronology difficult [Brisset et al., 2012; Wilhelm et al., 2013] (supporting information). The calibration was undertaken using the Intcal09 calibration curve [Reimer et al., 2009] and the age-depth models were generated using the R-code package "clam" with a linear interpolation [Blaauw, 2010] . The resulting chronologies for Lakes BAR and FOR allowed regional flood signals to be reproduced at a decadal timescale [e.g., Wilhelm et al., 2013] ( Figure S5 ). This supports the chronologies of these two sequences despite the large 14 C uncertainties.
The principal component analysis (PCA) performed in this study was achieved using the R software and FactoMineR package [R Core Team, 2012] on the main lake and sediment parameters.
Results
Mass Movement Deposits in Lakes ANT, BAR, BLB, LAF, and PET
Previous studies identified five types of MMDs ( Figure 2 and Table 1 ) with their main characteristics briefly described here. For details, refer to the supporting information. Several studies provided a comprehensive overview of mass movement deposits [e.g., Mulder and Cochonat, 1996; Mulder and Alexander, 2001; Gani, 2004; Mulder and Chapron, 2011; Strasser et al., 2013; Van Daele et al., 2015] , which are applied within this study. Two of the five MMDs types are sublacustrine landslide deposits, slumps, and debrites ( Figure 2 ).
The two slumps identified in Lake BAR sequence are mainly characterized by a deformed structure and folded laminations [Wilhelm et al., 2013] . The lower boundaries of these deposits are marked by sharp contacts with the underlain undisturbed sediment. Within these deformed horizons, some laminations and event layers are still recognizable, and the grain size varies according to these sedimentary facies ( Figure 2 ). Each of these deformed horizons has a limited extent; one has been recognized at the foot of the delta slopes and the other one at the foot of the opposite slope. Each deformed horizons is overlain by a graded turbidite that was also identified in most distal coring sites. Because of these characteristics, these deposits were interpreted as slumps, i.e., the deposition of mobilized sediment masses in slope-proximal areas. The graded turbidites overlying the slumps result from the sediment transported in suspension during the slope instability and eventually became deposited stratigraphically overlying the slump and reaching also further in the lake basin.
The six debrites in Lake LAF sequence are characterized by the lack of internal structure, a brown to blue color and a poorly sorted, medium to coarse silty sediment [Nomade et al., 2005] . The contacts to the underlying laminated sediment are sharp. These horizons are systematically overlain by a turbidite. In addition, cauliflower-shaped forms of carbonate concretions have been microscopically identified within the LAF horizons, suggesting a littoral sediment source. The lack of grading, the poor sorting, and the presence of littoral material suggest that these deposits are the result of debris flows coming from littoral sediment slopes (debrites). The overlying turbidites are interpreted as resulting from the particles that are transported in suspension during sliding, which eventually become deposited over a large area.
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In addition, two types of turbidites related to these sublacustrine landslide deposits have been identified; matrix-supported, and graded turbidites (Figure 2 ).
The eleven matrix-supported turbidites, identified in lakes ANT and BLB, are characterized by poorly sorted fining-upward trends, i.e., matrix-supported turbidites [Arnaud et al., 2002; Wilhelm et al., 2012] . In Lake BLB, the matrix-supported turbidites have a spatial extent limited to the foot of a lateral slope, while they all reach the depocenter in Lake ANT. Their characteristic pattern in a Passega-type diagram (D50 versus D90) [Passega, 1964] is almost vertical, describing a large decrease of the coarse percentile (D90) without noticeable median (D50) variation [Wilhelm et al., 2012] . These characteristics suggested that the transport energy is supplied by the sediment weight rather than by a water current velocity, i.e., formation of concentrated density flows of suspended sediments during a mass movement.
The numerous graded turbidites, identified in Lakes BAR, BLB, LAF, and FOR, are characterized by sharp boundaries to the underlying sediment, well-sorted fining-upward sequences and thin, whitish to bluish fine-grained capping layers [Nomade et al., 2005; Wilhelm et al., 2012 Wilhelm et al., , 2013 . The pattern of these graded layers in a Passegatype diagram is parallel to the D90 = D50 line [e.g., Wilhelm et al., 2012 Wilhelm et al., , 2013 . These turbidites generally extend over a large area from the delta slope to the deep basin and its surrounding slopes. Only one of them in Lake BAR and two in Lake BLB have a spatial extent limited to the delta slope and the deep basin. In addition, one of these turbidites in Lake BAR and six in Lake LAF overlie a slump or a debrite. The good sorting suggests that the sediments were transported by turbidity flows. The fining-upward pattern mirrors a decreasing flow velocity and the thin whitish layer indicates the subsequent settling of the finest particles. Such layers were then interpreted as graded turbidites resulting from the deposits of turbidity flows. These turbidity flows can be induced by either flood events or mass movements [e.g., Sturm and Matter, 1978; Mulder and Chapron, 2011; Wilhelm et al., 2015] . Based on three criteria (i) depositional geometry, (ii) position overlying a sublacustrine landslide deposit, and (iii) grain-size characteristics, 13 of all identified graded turbidites were interpreted as MMDs [Nomade et al., 2005; Wilhelm et al., 2012 Wilhelm et al., , 2013 (Table 1 and supporting information).
One can notice that no event layer was identified in Lake PET. Finally, the ages of each MMD are listed in Table 1 .
Mass Movement Deposits in the New Lakes DOS, BRE, and FOR
The application of the established methods to the previously unstudied sequences reveals no event layer in Lake DOS and BRE sequences. In the Lake FOR sequence, numerous millimeter-to-centimeter-scale graded turbidites and three debrites overlain by graded turbidites occur (Table 1; The five types of mass movement deposits identified through their macroscopic and grain-size features illustrated from sequences of Lakes BAR [Wilhelm et al., 2013] , ANT [Arnaud et al., 2002] , and LAF [Nomade et al., 2005] .
Journal of Geophysical Research: Earth Surface
10.1002/2015JF003644
Mean sedimentation rates in lakes DOS and BRE were determined as 0.6 ± 0.08 and 0.3 ± 0.02 mm yr À1 over the last 500 years, respectively (see supporting information). Mean sedimentation rate in lake FOR was determined as 1 mm yr À1 over the last 500 years and the two youngest debrites dated within the last 500 years to A.D. 1959 ± 6 and A.D. 1808 ± 20 (Table 1) .
Hence, 34 MMDs were identified and dated from the study of the eight lake sequences and correspond to 24 mass movement occurrences over the last 500 years (Table 1) . This allowed us to reconstruct the mass movement chronicles for every lake (Figure 3 ).
Discussion
Determining the Trigger of the Identified Mass Movement Deposits
MMDs can be triggered by spontaneous failures due to overloading of slope sediments, snow avalanches, fluctuations in lake levels, rockfalls, or earthquakes [e.g., Monecke et al., 2004; Girardclos et al., 2007; Van Daele et al., 2015] . Here changes of lake level can be excluded because water levels of all studied lakes are well controlled by bedrock outlets. An earthquake trigger can be identified by widespread mass movements, i.e., large scale or multiple, synchronous MMDs in a lake [e.g., Schnellmann et al., 2006; Fanetti et al., 2008; Moernaut et al., 2007 Moernaut et al., , 2014 Beck, 2009; Strasser et al., 2013] . This approach, in our study expanded to multiple lakes, revealed that half (12 on 24) of the MMDs have synchronous events (within the 2σ-dating uncertainties) in neighboring lakes (ANT, BAR, and BLB, LAF, distance between lakes smaller than 25 km; Figure 3 and Table S1 ), supporting strongly an earthquake trigger for these MMDs. However, even high-magnitude earthquakes do not systematically trigger widespread MMDs [Talling, 2014, and Talling, 2014] . MMD ages were then compared to (i) the dates of the regional historical earthquakes that generated epicentral MSK intensities larger than IV and that occurred closer than 150 km from the lake (database SisFrance) ( Figure 1 ) and to (ii) the dates of other historical events known from documentary evidence, which affected some of the lake catchments [Lignier, 2001; Nomade et al., 2005] . This comparison highlights that 21 out of 24 of the identified MMDs are in agreement (within the noticeable 2σ-radiocarbon-dating uncertainties) with 15 historical earthquakes with epicentral intensity ≥VI and epicentral location closer than 100 km ( Figure 3 and Table 1 ). The time correlation and the calculation of age differences were systematically conducted based on the most probable MMD ages, i.e., the highest age probabilities given by the age-depth model. These ages provided chronologies that allowed regional flood signals to be reproduced at a decadal timescale [e.g., Wilhelm et al., 2013] ( Figure S5 ). Nevertheless, for Lake BAR sediments, unequivocal correlations between MMDs and specific earthquakes remain uncertain due to decadal-scale uncertainties of MMD ages and the relatively high number of potential triggering earthquakes.
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The three uncorrelated MMDs are (i) the most recent slump at Lake BAR, (ii) a matrix-supported turbidites at Lake ANT, and (iii) a graded turbidite at Lake LAF. No coinciding major historical earthquake is recorded. However, an exceptionally large snow avalanche occurred in the BAR catchment in A.D. 1986, sweeping away the old mountain hut built close to the lake outlet, and covering the rocky lake outlet by sediments [Lignier, 2001 , and references therein]. As such an event can trigger a mass movement [e.g., Monecke et al., 2004; Vasskog et al., 2011] and as the age of the slump is in agreement with the date of the avalanche, the avalanche was considered to be the cause of the MMD [Wilhelm et al., 2013] (Figure 3 and Table 1 ), and the event was not used in our paleoseismic database. In the LAF catchment, local witnesses reported the occurrence of a subaerial landslide around A.D. 1900-1910, possibly related to the artificial rise of the lake level [Nomade et al., 2005] . As such processes can trigger mass movements [e.g., Monecke et al., 2004; Kremer et al., 2012] and as the date is in the range of the turbidite age, the subaerial landslide was interpreted as the cause of the MMD [Nomade et al., 2005] . The origin of the uncorrelated matrix-supported turbidite in Lake ANT remains undetermined because no particular events are known at this time in its catchment [Arnaud et al., 2002] . Hence, 21 out of 24 of the MMDs were very probably triggered by historical earthquakes and 12 of which with very high likelihood.
5.2. Sensitivity of Lake Systems to Earthquake Shaking 5.2.1. Assessment of the Lake-System Sensitivity The number of earthquake-triggered MMDs varies between lakes of a same region (Figure 3) . For each region, we can observe a decrease of the MMD occurrence from ANT to BRE in the north, from LAF to DOS in the central part, and from FOR to PET in the south of the French Alps (Figure 3 ). This may suggest that the different lake sequences have a different sensitivity to slope instability caused by earthquake shaking. This variability in lake sensitivity was previously observed in Chilean lakes and termed Earthquake-Recording Threshold (EQRT) [Moernaut et al., 2014; Van Daele et al., 2015] . Those authors estimated the EQRT by linking the generation of a MMD to a minimum local seismic intensity. Here this approach cannot be applied because local seismic intensity, magnitudes, and/or shake maps are available for only very few earthquakes. To assess the respective sensitivity of each lake system to earthquake shaking, the epicentral intensities of all regional historic earthquakes were plotted against their distance from the lakes. Because the studied region is rather small and in the same kind of seismological context, it is reasonable to assume that ground motion attenuation be roughly the same in the entire zone. If we assume a uniform attenuation relationship for the entire area, historical earthquakes supposed to have triggered the MMDs are expected to be both the strongest and the closest to the lakes, as those are expected to have generated the largest ground motions in the lake areas. They should thus appear in the upper left corner of the 'epicentral intensity versus epicentral distance diagrams [Ambraseys, 1988; Monecke et al., 2004] (Figure 4a ). Such diagrams highlight that the recorded earthquake-triggered MMDs correspond indeed to both the strongest and the closest events for each site (Figure 4b , red dots). An empirical limit was defined that separates recorded from nonrecorded earthquakes in each lake. This limit defines the sensitivity threshold specific to each lake. Thresholds were first defined for the sites of ANT, LAF, BLB, and FOR because their respective domains of recorded and nonrecorded earthquakes are well constrained (Figure 4b ). The slopes of their sensitivity thresholds appear similar independent of the regional geology. This confirms the hypothesis that the attenuation of the seismic waves is approximately uniform
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at the regional scale and that, in first order, the effects of the regional geology may be considered here as negligible. Thus, we kept the same slope (a = 1.13) for all diagrams in:
where x corresponds to the distance between the lake and the epicenter, y to the epicentral intensity of the historical earthquakes, a to the slope of the threshold line, and b to the intersection of the threshold line with the y axis. For BRE, DOS, and PET, the threshold lines were defined at the maximal possible sensitivity, as no events were recorded in the sediment of these lakes. All defined threshold lines were finally reported in a synthetic diagram (Figure 4c ), which allows comparison between all lake sensitivities independently on their regional settings. One can notice that earthquakes of epicentral intensity V-VI occurring very close to Lake LAF (2.5-10 km) do not seem to have triggered any mass movement, while some mass movements identified at LAF and BLB were associated to earthquakes of epicentral intensity of VI (Figure 4b ). For such short distances from the epicenter, local intensities are expected to be similar to epicentral intensities [Bakun and Scotti, 2006] , suggesting that the threshold of minimum local seismic intensity to trigger a mass movement is slightly lower than VI. This threshold is very similar to those reported for some lakes in Chile [Moernaut et al., 2014; Van Daele et al., 2015] or New Zealand [Howarth et al., 2014] but slightly lower than for some Swiss lakes (threshold of VI-VII) [Monecke et al., 2004] . This reveals a relatively high sensitivity of some alpine-type lakes to earthquake shaking. In addition, one can notice that no earthquake occurring further than 100 km from lakes appears to be recorded. This can be related to the attenuation of the seismic waves with the distance. Indeed, based on the intensity attenuation equations of Bakun and Scotti [2006] , an earthquake with a magnitude >6.5 should trigger local intensities ≥VI at 100 km distance from the epicenter. However, no historical earthquake with such a magnitude has been documented over the last 500 years in the Western Alps [database SisFrance, Lambert and Levret-Albaret, 1996; Scotti et al., 2004; database ECOS09, Fäh et al., 2011] .
The synthetic diagram highlights that the lake sensitivities to earthquake shaking are highly variable (Figure 4c ). An adapted EQRT [Moernaut et al., 2014] , called Earthquake-Sensitivity Threshold Index (ESTI), was then defined as the inverse of the intercept of the threshold lines with the intensity axis at 10 km from the lakes. The distance of 10 km was here used because of the scarcity of earthquakes at such short distances that prevents the systematic assessment of the local seismic intensity threshold (Figure 4b ). In addition, a ratio was adopted in order that the value of the ESTI increases with the lake sensitivity and vice versa. The highest sensitivity corresponds to ANT, BLB, and LAF with an ESTI above 0.18 indicating that mass movements can be triggered by nearby (~10 km) earthquakes reaching the minimal local intensity threshold (VI) or distant (<100 km) earthquakes of epicentral intensity of VIII. The sensitivity of FOR and BAR appears of "medium" order with an ESTI between 0.15 and 0.16. Mass movements can thus be triggered by nearby earthquakes of epicentral intensity VII or distant earthquakes of epicentral intensity of IX-X. The lowest sensitivity appears for BRE and PET as no mass movement was identified, despite the occurrence of intensity >VII earthquakes in their vicinity (Figure 4b ). This suggests a maximal ESTI of 0.13 for these two lakes.
Moernaut et al. [2014] and Van Daele et al. [2015] have shown that the lake sensitivity of many lakes in the highly seismogenic area of Chile ranges from V¾ to VII½ . Our results suggest a similar range of lake sensitivity for lakes located in moderately seismogenic areas. This opens new perspectives in those areas for palaeoseismological reconstructions with the possibilities (i) to estimate the location of past epicenters by choosing several lakes of equal sensitivity spread in a region of~100 km and (ii) to estimate epicentral intensities of past regional earthquakes by studying neighboring lakes of graded sensitivity. In addition, the ESTI method offers a new way to evaluate the lake sensitivity when information about the local seismic intensity is missing.
Possible Explanations for Distinct Lake Sensitivities
The varying lake sensitivities to earthquake shaking mirror varying susceptibilities of their slope toward failing. The stability of a sedimentary deposit on a given slope depends to a large extent on the slope angle, sediment thickness, and the geotechnical properties of the sedimentary succession potentially comprising weak layers [e.g., Morgenstern, 1967; Strasser et al., 2011; Ai et al., 2014; Wiemer et al., 2015] . Slope angle is a key parameter for a slope-stability assessment because it drives the destabilizing loading forces through gravity. Lower slope angles imply reduced loading forces and make slope sediments stable even in case of external forcing, i.e., earthquake shaking. Inversely, high slope angles imply high loading forces and may even result in spontaneous slope failures under static conditions. Above a certain threshold however, slopes become too steep to accumulate significant sediment for sliding. Generation of large slope-sediments failures related to earthquake shaking is thus usually limited to slope areas with intermediate angles steep enough to produce slides but not too steep for sediment accumulations. For the studied lakes, these values can be estimated from the positions of the localized MMDs and the angle of the nearest slopes. In Lake BAR, two slumps are restricted to the foot of slopes of around 20°. In Lake BLB, the two localized earthquaketriggered graded beds originate from slopes with angles ranging from 10 to 20°. In Lake FOR, the slope angle of the area surrounding the two slumps is also~20°. Hence, slope angles ranging from 10 to 20°appear to be favorable for the generation of earthquake-triggered MMDs, which is in agreement with many studies [e.g., Chapron et al., 1999; Schnellmann et al., 2005; Moernaut et al., 2007; Strasser et al., 2007 Strasser et al., , 2011 Bertrand et al., 2008; Van Daele et al., 2013; Doughty et al., 2014] . We postulate that a larger spatial extent of intermediateslope areas may favor a higher ESTI. To explore this link, the spatial extent of such areas was calculated for each lake basin using GIS (Geographic Information System) software (Table S1 ).
Sediment lithologies influence the slope stability by controlling the geotechnical ability to resist downslope forces. This ability can be assessed by measuring shear strength in situ or in sediment cores [e.g., Chapron et al., 1999; Stegmann et al., 2007; Strasser et al., 2011; Ai et al., 2014; Wiemer et al., 2015] . As these geotechnical data are not available, we analyzed the sedimentological properties responsible for shear strength variations to approach the origin of the ESTI variability, i.e., grain size, organic matter content, and the slope recharge capabilities that may be quantified through sedimentation rate (Table S1) . Grain size appears particularly important for slope stability because it determines porosity-controlled properties (e.g., bulk density, water content, and void ratio) [Baraza and Ercilla, 1994] and notably acts on the shear strengths [e.g., Ai et al., 2014, and references therein] . For instance, undrained shear strength can be significantly reduced by small increases in sand content [Lee et al., 1987] . Moreover, the internal friction angle decreases when clay content increases, reflecting the low mobilized friction between fine particles [Dhouib et al., 2004] . In addition, coarsegrained material is generally characterized by a lower cohesion, which may imply reduced drained shear strength. However, higher grain size is also expected to increase permeability and, thereby, limits susceptibility toward pore-water overpressure that favors failures. Hence, both fine and coarse grain sizes can positively and negatively act on slope stability. To assess the role of the grain size on the ESTI, three parameters have thus been retained from the grain-size measurements: the clay (<2 μm) content, the coarser percentile
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(D90), and the median (D50). The median is used here as an integrative estimate of both parameters. Organic matter content (LOI550) generally implies lower bulk density and, thereby, lower loading forces on a given sedimentary deposits. However, the decomposition of organic matter can result in free gas in the sediments which can have a strong negative impact on slope stability. Finally, sedimentation rate (SR) may induce porefluid overpressure in low-permeability lithologies that favor slope instabilities but, in most cases, overpressure alone does not cause slope failure [Ai et al., 2014, and references therein] . In addition, the sedimentation rate also influences the slope recharge potential required after a previous mass movement.
To explore the links between the ESTI and the lake's morphologic and sedimentologic parameters (10-20°s lope area, organic matter content, clay content, D50, D90, and sedimentation rate), data from the eight lake systems were subjected to a PCA (Figure 5a ). In an ideal case, data from the main slope sediments should be considered as they correspond to the sediment sources of the mass movements. As such data are not available, basinal sediments were here used to provide lake-specific proxies also for slope sediments. Due to the small size of the studied lakes, we assumed that a higher value of organic matter content (LOI550) or of sedimentation rate (SR) in the depocenter mirrors higher values on the slopes as well. Grain-size data (Clay, D50, and D90) from MMDs in the basin approximate slope-sediment characteristics, as these MMDs originate in the slope areas. When MMDs were absent in a lake sequence (i.e., Lake BRE, PET, and DOS), grain-size data corresponds to the "sedimentary background." The first principal component (Dim 1) explains 45.84% of the variance and shows high positive loadings for sedimentation rate and high negative loadings for organic matter content. Dim 2 explains 35.16% of the variance and gives positive loadings for D50 and D90 and at lesser extent for the 10-20°slope area and high negative loadings for clay content. The lake sensitivity, i.e., ESTI, is added to this PCA as an illustrative variable and thus did not enter the PCA calculation. This PCA clearly shows that the main controlling parameter on the ESTI is sedimentation rate with a significant correlation between these two parameters (p = 0,003; r = 0.89; Figure 5b ). Moreover, based on this PCA, organic matter content (LOI550) seems to negatively affect the ESTI, as sedimentation rate and organic matter content are negatively correlated (p = 0.05; r = À0.7). However, sedimentation rates and organic matter contents are related characteristics in these Alpine lakes as an increase in sedimentation rate causes a decrease in organic matter content (dominated by lacustrine organic matter) through dilution with detrital components. This negative correlation between organic matter content and ESTI also suggests that the gas production by organic matter decomposition does not affect significantly the sediment-slope stability of the studied lakes. Hence, a significant increase (decrease) of the sedimentation rate appears to be the dominant factor resulting in an increase (decrease) of the ESTI (Figure 5b ). This suggests that the sedimentation rate strongly influences the lake sensitivity toward earthquake shaking. For long-term palaeoseismological reconstructions, this implies that a significant change in sedimentation rates of a given lake can in turn induce a significant change in its sensitivity, a relationship already suggested in different lake systems [e.g., Boe et al., 2004; Bertrand et al., 2008; Beck, 2009; Strasser et al., 2013] . Hence, further studies aiming at improving the regional earthquake recurrence interval from the study of small lakes should control carefully that no significant change in sedimentation rates of up to 0.5 to 1 mm yr À1 occurs within the record. This aspect appears to be particularly crucial as changes in sedimentation rate change the threshold intensity required to form an identifiable deposit in a lake. Lower (higher) sedimentation rate causes an increase (decrease) in the recording threshold and a reduction (increase) of earthquake-triggered deposits in a lake, which for instance may be wrongly interpreted as evidence for clustering of earthquakes in time. However, if changes in sedimentation rate and recording threshold can be identified, accurate estimates of recurrence above the threshold can still be gained from intervals where the sedimentation rate is constant.
Conclusions
Eight sediment sequences from small alpine-type lakes of the western European Alps have been reviewed to reconstruct records of mass movement occurrences and to compare them to the well-documented historical seismicity. This comparison aimed at a better evaluation of the link between such deposits and their seismic trigger. Additionally, it aims at better linking mass movement occurrences to the corresponding epicentral locations and magnitudes of prehistoric earthquakes, both eventually improving the quality of paleoseismic reconstructions.
In the eight lake sequences, 34 MMDs have been identified and correspond to 24 mass movement occurrences. Their temporal correlations revealed that 12 of them are synchronous in neighboring lakes, which strongly supports an earthquake trigger mechanism. In addition, the comparison of the MMD ages to the historical earthquake dates increased this number to 21. These results suggest that a MMD identified in a small alpinetype lake is likely an indicator for an earthquake trigger. Hence, this type of lake appears to be a relevant target for paleoseismological reconstruction and recurrence-interval assessment. However, the number of MMDs varies between lakes in a same region, suggesting distinct sensitivities of the lake sequences to earthquake shaking, i.e., distinct slope stabilities. Diagrams of "epicentral intensity versus distance lake epicenter" allow lake sensitivity thresholds to be quantified. This sensitivity assessment, quantified with the ESTI parameter, opens new perspectives for paleoseismological reconstructions from lake sediments in moderately seismogenic areas with the possibilities to estimate (i) the location of past epicenters by choosing several lakes of equal sensitivity spread in a region of~100 km and (ii) to estimate epicentral intensities of past regional earthquakes by choosing neighboring lakes of graded sensitivity. Finally, we compared the sensitivity thresholds to some lake and sedimentary parameters to better understand the origin of these variations in sensitivity. Our results suggest that the sedimentation rate appears to be the dominant factor explaining the lake sensitivity, i.e., that the lake sensitivity increases (decreases) when the sedimentation rate increases (decreases). This also means that the sensitivity of a single lake may substantially be altered by a decrease/increase in sedimentation rate.
Based on our results, further studies aiming at improve the paleoseismic event catalog based on small lakes should (i) focus on lake systems with sedimentation rates ≥0.5 mm yr À1 in moderately active seismotectonic regions, (ii) consider interlakes correlations over less than 100 km for epicentral earthquake intensity <IX, and (iii) control carefully that no significant change in sedimentation rates occurs within the record, which could make unstable the threshold condition and, thereby, falsify recurrence-interval assessment. However, to better constrain the link between lake sensitivity toward earthquake shaking and sedimentation rate, a wider lake compilation is still required (including also larger lakes), which may allow establishing more accurately recurrence intervals of past earthquakes. Authors thank Estelle Ployon for her help in GIS assisting and Laurent Millet for constructive discussions. Radiocarbon dating of Lake DOS was performed by the national facility LMC14 in the framework of the INSU ARTEMIS call for proposal. We thank Jean-Pascal Dumoulin (LMC14), Sönke Szidat (LARA, University of Bern), and Tomasz Goslar (Poznan Radiocarbon Laboratory) for helps in the management of 14 C samples and results. Financial support that allowed the data acquisition of Lake DOS was provided by the French National Research Agency's Pygmalion project (ANR BLAN07-2_204489). Financial support that allowed the data acquisition of Lake FOR was provided by a grant from the AXA Research Fund (Wilhelm's postdoctoral fellowship). Data acquisition of Lake BRE was made possible thanks to the financial support of the Conseil Régional de Franche-Comté and the University of Franche-Comté (OREAS project). The data for this paper are available by contacting the corresponding author.
